Abstract: A novel integrated motor drive and non-isolated battery charger based on a split-phase permanent magnet (PM) motor is presented and described for a plug-in vehicle. The motor windings are reconfigured by a relay for the traction and charging operation. In traction mode, the motor is like a normal three-phase motor, whereas in the charging mode, after windings reconnection, the system is a three-phase Boost rectifier. One important challenge to use the motor as three inductors in charger circuit is to have it in standstill during the battery charging. Based on the presented mathematical model of a split-phase PM motor, the zero-torque condition of the motor is explained which led to a proper windings reconnection for the charging. Simulation and experimental results of two separate practical systems are provided to verify the proposed integrated battery charger. Some practical limitations and design recommendations are provided to achieve a more realistic practical system.
Introduction
Batteries and battery chargers have a vital role on the development of more electric vehicles concept. The charger can be on-board or off-board. Moreover, it can be galvanically isolated or non-isolated from the utility grid. In addition, the charger power level is an important key factor that determines the charging time of the battery unit [1] [2] [3] . One way to classify the chargers is classification according to their power level. Table 1 shows a summary of the battery chargers according to the power level classification including the price range [3] .
The ideal scenario for a vehicle user is to have a charger powerful enough to charge the battery in 5-10 min as is the case for refueling a normal car with an internal combustion engine. Moreover, they would like to have a good geographical coverage of the places that they can charge. It turns out that an on-board power level 3 is an ideal solution for customers that is not feasible at the moment because of price and volume of the charger (Table 1) . Power level 2 chargers, i.e. semi-fast chargers, are a moderate solution compared with the slow and fast chargers that are available in the market today. An on-board semi-fast charger is a potential alternative in many types of plug-in vehicles like electric vehicles if the cost, volume and weight of the charger are within a reasonable range. As one can conclude from Table 1 , for a semi-fast charger the price is still high enough to make it an expensive solution. In addition, those chargers are not small in volume. For example, for a liquid cooled high-power density battery charger with a power density of 1-2 kW/kg, a 20 kW charger weight is about 20-10 kg.
For plug-in vehicles, the traction circuit components including the electric motor, inverter and sensors are not engaged during the battery charging. Hence, there is a possibility to use them in the charger circuit to have an integrated motor drive and battery charger or simply an integrated charger. The traction circuit components for a passenger car are usually rated in a range of 50-100 kW that implies if one could utilise them in the charger circuit properly, there is a large potential to have a semi-fast charger yielding a considerable amount of savings in both the price and space. There have been different integrated motor drives and battery chargers, isolated and non-isolated, from both industry and academia that one can read a review and comparison in [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
One of the main problems of using the traction motor in the charger circuit is developed torque in the motor because of current flow in the stator windings during the charging time. One solution is to use a mechanical lock as is used in [14] or using an extra clutch and let the motor to run during the battery charging as is implemented in [13] . Another way of handling problem is to use a second inverter and control the developed torque to make it zero [7] [8] [9] .
Split-phase electric motors have two similar stator windings that share the same magnetic circuit which can be shifted in the stator periphery. It is possible to connect the two sets of windings together and operate the motor by a single three-phase inverter for traction. If the motor windings connection are somehow changed for the charging, it is possible to cancel out the torque in the motor while there is a normal current flow in the motor. The main idea of this paper is to use a simple switching device like a relay to change the motor winding connection for the charging and traction mode. In the traction mode, the motor resembles a normal three-phase motor and in the charging mode, the developed torque is zero. Therefore there is no need for the second inverter or an extra clutch or a mechanical lock for the proposed solution. The proposed integrated charger is firstly presented in [1] which is extended in this paper by adding more analysis, simulations and practical measurements compared with the previous works [15] . Two different practical systems are constructed and tested with two different split-phase motors; one with a permanent magnet synchronous motor (PMSM) and another one with an interior PMSM (IPMSM). Based on the results of these two systems and their comparison, some design recommendations and practical limitations are provided.
Ideally, the charging power can be up to two times more than that of the traction power, but there are some practical limitations like bearing problem, audible noise and vibration that reduce the available power. Hence a finite element method (FEM) analysis is performed to quantify some of the limitations like developed torque. The main contributions of this paper can be summarised as:
2 Mathematical model of a split-phase PM motor
In a two-pole three-phase PM motor, that can be a PMSM or an IPMSM type, there are three windings in the stator which are shifted 120 electrical degrees. In a split-phase PM motor, each phase winding is divided into two equivalent parts and are shifted symmetrically around the stator periphery. Basically, there will be six windings inside the stator, instead of three, for a two-pole machine.
The dynamic model of the electrical part of this machine can be described by the following equations as [13] 
where L d , L q , L md and L mq are the direct and quadrature axis winding self and mutual inductances, respectively. The voltages, currents and fluxes in stationary rotor reference frame are presented by v, i and ψ with dq indices. It is assumed that the zero sequences are zero because of the symmetrical three-phase quantities. The developed electromagnetic torque can be expressed as
For a PMSM with surface mounted magnets and a uniform airgap, L d = L q , so the developed electromagnetic torque simplifies to
The above torque equations are used to investigate the developed motor torque for different operations, the zero-torque condition for instance. For example, if two sets of currents are exactly the same but in opposite direction, then the developed torque is zero.
For the proposed integrated charger that is explained on the next section, the torque is zero in the charging mode because of opposite current flow in the stator windings considering the way that the motor windings are re-arranged.
3 Non-isolated battery charger based on the split-phase PM motor and a switching relay
The power stage of a traction system based on an AC motor and a three-phase inverter is shown in Fig. 1 . In several schemes a DC/DC converter is used between the battery and inverter [16] which is not the case here. The main available components that can be used in the charger circuits are the inverter including the DC bus capacitor, AC motor as inductors, measurement sensors (usually phase currents and DC bus voltage) and the controller. As mentioned earlier, the main challenge of using the motor as inductors is keeping the torque zero during the battery charging; otherwise the vehicle may run away during the battery charging. Fig. 2 shows the proposed motor drive and non-isolated battery charger based on the split-phase PM motor. Without lack of generality, the motor is a split-phase PM motor with an arbitrary phase-shift between two sets of three-phase windings. Moreover, the midpoints of the motor windings for each phase are available. The system in traction, charging and the physical realisation are shown in this figure. A simple switching device is used to reconfigure the system for the traction to charging and vice versa.
The resulted circuit topology in charging mode is a three-phase Boost rectifier which is explained later on. In traction mode, the system is like a normal three-phase AC drive, so it is not explained here further.
In charging mode the electric motor can handle the current two times more than that of the traction mode because of the parallel winding connection. It is possible to connect the motor windings in series as is presented in [1] . Consequently, the charging power can be increased twice compared with this scheme, if the inverter could handle that. However, the total leakage inductance in this case is lower than in the first case meaning that the current ripple is higher. To be more specific, if the total inductance per phase is 2L r for the series winding connection, the total leakage inductance per phase is L r /2 for parallel connection ( Fig. 2 ) that is four times lower.
Unity power factor operation is one feature of this charger. However, the main limitation of the rectifier in this topology is that the output DC voltage should be more than the peak line voltage to have unity power factor operation. Additionally, there might be a need to add a small line filter to meet the total harmonic distortion (THD) requirements [17] during the battery charging operation. Another advantage of the circuit is bidirectional operation capability. Hence, it is possible to use the device for G2 V applications.
As is shown in Fig. 2 , just a simple switch is needed to reconfigure the traction circuit to the charging circuit. Moreover, both threephase and single-phase supplies can be connected to the circuit without any changes in the hardware in charging mode. However, there are some changes in the control algorithm for this purpose. The motor torque is calculated by using (9) for the split-phase PM motor. If the system is supplied by a symmetrical three-phase source and the motor has ideally sinusoidally distributed windings and induced magnet flux, then the resulted torque is zero for the charging mode [1] .
Three-phase Boost battery charger
There are different circuit topologies for the grid-connected battery chargers [18, 19] which the three-phase Boost rectifier is one of the well-known schemes enabling high-power charging. Fig. 3 shows a basic diagram of this converter which the proposed non-isolated integrated charger is based on this circuit topology. As mentioned earlier, the motor is used as three inductors by a proper winding's re-arrangement.
The voltage equations describing the converter in the dq reference frame are as [20] 
where u Ld , u Lq , u Id and u Iq are the line and inverter dq voltage components, respectively, whereas R, L and ω are the resistance, inductance and source frequency, respectively, and i Ld and i Lq are the d and q components of the line currents, respectively [21, 22] . The converter active power, p, can be written as [20] 
Based on the system equations and presented controller, MATLAB/ SIMULINK package is used to simulate a three-phase Boost rectifier with a power level of 15 kW. The rectifier parameters are presented in Table 2 . Fig. 4 shows the simulation results for a step change of the load from 15 to 7.5 kW. Three-phase line currents, voltages and DC bus voltages are shown in this figure. Moreover, phase A voltage and current are presented in a same plot to show the unity power factor operation where the detailed control design is explained in [21] . The inductance value, L, is 3 mH that is a typical value for these applications. The motor leakage inductance used in the proposed charger is in the same range. However, one needs to adjust the control parameters like the switching frequency according to the available motor inductance in the charging mode.
Two practical systems for the proposed non-isolated integrated charger
To practically verify the proposed integrated charger, two experimental systems have been developed based on the two different PM motors: (i) a 20 kW split-phase multi-barrier IPM motor with two sets of three-phase windings that have a π/6 degree shift in the stator periphery and (ii) a 1 kW PMSM with double stator windings with two sets of three-phase windings which are not shifted and are identical. The FEM analysis has been performed for the 20 kW motor to have more accurate results to encounter the motor winding harmonics. In addition, some practical limitations have been detected that give more insights for implementation considering the vehicle application.
5.1 Practical system 1: proposed non-isolated integrated charger based on a 20 kW IPM motor A 20 kW PM motor is designed and implemented for an isolated integrated charger explained in [13] . A non-isolated version of the battery charger is implemented based on the scheme explained in the previous section. Winding configuration, FEM simulation results, MATLAB simulation results and practical measurements show that the proposed scheme is practically feasible. Fig. 5 shows the proposed system in traction and charging modes for the 20 kW PM motor in which the parameters are presented in Table 3 [13] . However, for this PM motor, because of winding's space harmonics, the maximum current in each winding is measured to be half of the rated value before reaching a high-level audible noise. Therefore a maximum total current of 15 A rms is permissible for the battery charging that is equivalent to a power level of 10 kW. As is explained later on, the motor audible noise is the main limitation to increase the battery charging power level for this motor. The motor is a water cooled four pole IPMSM machine that is designed and optimised for the vehicle traction application. As long as the zero-torque condition can be held in the motor during the charge operation, it is possible to use the splitphase PM motor inductances in the charger circuit. If the same current is flowing into the two sets of windings with opposite directions, the developed torque is ideally zero. However, because of the windings harmonic contents or variable rotor position dependent phase inductances, there is a winding's current limitation that reduces the maximum charge power. In this case, by reducing the charge power, one can reach an acceptable level of power for the battery charging.
(1) FEM simulation results for the 20 kW IPM motor: Ansoft/ Maxwell software package is used to perform simulations for the motor during battery charging. A symmetrical three-phase sinusoidal current with a peak value of 9 A and a frequency of 50 Hz is assumed for the motor. Simulation has been conducted for the different rotor positions while the motor is in standstill. Fig. 6 shows the basic geometry and magnetic field distribution for the time instant that the phase A current is in the maximum value (t = 5 ms). As is shown in the figure, the motor laminations are exposed to a variable flux density. Consequently, there is a magnetic core loss in laminations during the battery charging. However, ideally, the flux variation is close to zero and iron loss shall be negligible. The mutual flux in the motor is zero with the proposed winding arrangement; assume that two sets of identical windings magnetise a common core with opposite current directions. In this case, the leakage inductance is used as the energy storage device which does not contribute in torque development.
The inductance of an IPM motor varies as a function of the rotor position. Subsequently, the inductance and torque depend on the rotor position during the charge operation. The rotor is in standstill but it can be in any position. Figs. 7 and 8 show the motor phase A inductance and the developed electromagnetic torque for different rotor positions. For a three-phase Boost converter, the inverter controls the motor currents, so the inductance variation is not critical and a proper control operation can reduce the adverse impact. Compared with the nominal torque that is 127 Nm, the developed torque is small. Fig. 8 shows the motor torque for different rotor positions. As is shown in the figure the developed torque is < 3% of the rated torque. Moreover, the average torque is close to zero which means the motor will be in standstill during charging. As is explained later on with experimental results, there is an audible noise when the magnitude of the current and resulted torque is high. As mentioned earlier, for this motor when the current is more than half of the rated value, the motor starts to sound. For a three-phase rectifier, the value of inductor cannot be too low or too high. The first one causes a large THD value and the second one makes the control difficult because of the large voltage drop on the inductor. By connecting the motor windings in series or parallel, designer has the option to select the inductor value that is close to the desirable one. However, there are other parameters in the system, like switching frequency, that will impose other constraints on the charger.
(2) Practical system results for the 20 kW IPM motor: To verify this non-isolated integrated charger, a simple practical system is developed which the motor is used as three inductors in which Fig. 9 shows the system configuration. The three-phase or single-phase supply is connected to the motor that is connected to a diode bridge rectifier. A large capacitor, 3300 μF, reduces the ripple on the DC bus. The motor behaviour, like audible noise and waveforms, are studied in this setup.
This bridge rectifier is a naturally commutated rectifier that one can find detailed explanations in classical power electronics textbooks [23] . Fig. 10 shows the measured supply voltage, line (motor) current and motor voltage. As is shown in this figure, the waveforms are heavily distorted because of the grid frequency rectification and diode rectifier operation. To calculate the motor phase inductance, the root-mean-square values of the motor's voltage and current are calculated by use of the measured and recorded data. The calculated value of the inductance is 7 mH that is lower than the simulated value in FEM (see Fig. 7 ). However, the calculated value using the measurement data is based on the assumption that the voltages and currents are pure sinusoidal.
The rectifier system is simulated in MATLAB/SIMULINK using Power System Blockset. The measured value of the inductance, 7 mH, is used in this simulation. Fig. 11 shows one-phase of the motor current and voltage for both the measurement and MATLAB simulation. The current waveforms are very similar, but for the voltage there is a difference. The inductor voltage is the derivative of the current that is a noisy operation that can be one reason of the difference in addition to winding's space harmonics.
Practical system 2: proposed non-isolated integrated charger based on a 1 kW PMSM motor
As the second example, a practical setup is designed and implemented based on a 1 kW split-phase PMSM. Fig. 12 shows a basic diagram of the motor cross-section area. An available PMSM is re-winded to have two identical sets of three-phase windings that are not shifted in stator periphery. The motor is not optimised for this application. Nevertheless, it is possible to verify the system functionality with this setup. Fig. 13 shows the system configuration in charging mode, and the motor parameters are presented in Table 4 .
(1) CompactRIO implementation of the 1 kW system: A control system based on the CompactRIO platform is developed for the control, voltage-oriented control, of integrated charger that is a Boost rectifier now. Fig. 14 shows the main diagram of the experimental system based on the CompactRIO platform. This setup includes: an inverter, the motor as three inductors, isolated current measurement modules, isolated voltage transducers, a load and the CompactRIO control system. The CompactRIO platform includes I/O modules, a reconfigurable FPGA and an embedded controller (processor). The whole control is divided between the FPGA board and the embedded controller. FPGA is responsible for the data acquisition, calculation of the grid voltage phase by a software-based phased locked loop (PLL) and the PWM generation. The dq transformation and other control actions like current controller and feedforward compensations are performed in the processor.
The above explained experimental setup is tested for the charging mode with an AC supply voltage of 75 V LL and a 200 W charging power. The controller is set to maintain a constant DC voltage in the DC bus that is 100 V with a nominal DC current of 2 A. The value of i q is set to zero in the control stage to achieve a unity power factor operation. Fig. 15 shows the phase A voltage and current of the AC supply line. During the charge operation, the voltage drop in the machine winding is measured and plotted in Fig. 16 . Since the system is controlled during charging, the voltage drop in the machine remained sinusoidal. The voltage in the windings of the machine also remains in phase with the current of the corresponding phases that means that the control is acting to keep the power factor in the unity in the total system and also inside the motor.
In this setup, the motor is supplied by its rated current and no audible noise is observed during the charge operation. The motor inductance is a constant value for a PMSM that is not a function of rotor position. This motor has a distributed windings with a more sinusoidal back electromotive force compared with the 20 kW PM motor. Hence, the space harmonics are smaller compared with the 20 kW motor. Consequently, it is possible to increase the charging power up to the rated value.
As mentioned earlier, the main challenge of using a motor as some inductors in battery charger circuit is developed torque in the motor during the charge operation. In addition, if the motor inductance is constant in any arbitrary rotor position, it will be easier to keep the developed torque close to zero. To reduce the harmonics, one can use the distributed windings to have waveforms closer to the sinusoidal shape. Practical results show that a PMSM with two identical three-phase windings has apparently better performance compared with an IPMSM with two sets of windings that are shifted in the stator periphery with a variable inductance and poor windings' magnetomotive force (mmf). The developed torque of a PMSM during the battery charging is lower than that of an IPM motor. It is recommended to use a motor with a distributed windings to have a more sinusoidal mmf. The audible noise and the motor vibration are main limitations of the proposed system. One can optimise the system according to the above recommendations to achieve a higher-power level of charging.
Conclusion
An integrated motor drive and non-isolated battery charger based on a split-phase PM motor is presented and explained for the gridconnected vehicles. A switching relay is used to reconfigure the traction circuit to a three-phase Boost battery charger by changing the motor windings. The main idea is to insure standstill operation of the motor while charging. The circuit diagram, the practical realisation and the theoretical background of the operation is explained. Moreover, simulation and practical results are provided to verify the proposed system in charging mode. Two different experimental systems have been practically tested: one with a 20 kW split-phase IPMSM with a windings' phase-shift of π/6 degree and another one with a 1 kW split-phase PMSM with two identical sets of threephase windings. As is shown by the simulation and practical results, the PMSM has a better performance in terms of the charging power and audible noise that is because of a more sinusoidal windings distribution and a constant motor inductance.
